Aim: To investigate the effects of glycyrrhetinic acid (GA), an active component extracted from the root of Glycyrrhizae glabra, on the expression of intercellular adhesion molecule-1 (ICAM-1) in tumor necrosis factor-α (TNF-α)-activated human umbilical vein endothelial cells (HUVEC). Methods: ICAM-1 mRNA and protein levels were detected using RT-PCR and cell enzyme-linked immunosorbent assays. The adherence of human monocytic THP-1 cells labeled with [ 3 H]thymidine to HUVEC was determined by counting radioactivity with a scintillation counter. The activation of mitogen-activated protein kinases as well as the degradation of IκB and nuclear factor-κB (NF-κB) or phospho-cJun in the nucleus were detected by western blots. NF-κB binding activity was detected using electrophoretic mobility shift assay. Results:GA (50 and 100 mmol/L) significantly inhibits TNF-α-induced ICAM-1 mRNA and protein expressions, as well as THP-1 cell adhesiveness in HUVEC. GA selectively inhibited TNF-α-activated signal pathway of c-Jun N-terminal kinase (JNK), without affecting extracellular signal-regulated kinase 1/2 and p38. Furthermore, GA apparently inhibited IκB/NF-κB signaling system by preventing IκB degradation, NF-κB translocation, and NF-κB/DNA binding activity. Finally, pretreatment with GA or the inhibitors of NF-κB, JNK, and p38 reduced the ICAM-1 protein expression induced by TNF-α. Conclusion: GA inhibits TNF-α-stimulated ICAM-1 expression, leading to a decrease in adherent monocytes to HUVEC. This inhibition is attributed to GA interruption of both JNK/c-Jun and IκB/NF-κB signaling pathways, which decrease activator protein-1 (AP-1) and NF-κB mediated ICAM-1 expressions. The results suggest that GA may provide a beneficial effect in treating vascular diseases associated with inflammation, such as atherosclerosis.
Introduction
During inflammation, adhesion molecules expressed on stimulated vascular endothelial cells are essential for recruitment and transmigration of leukocytes to the subendothelial matrix. In this context, the released inflammatory mediators, such as tumor necrosis factor-α (TNF-α), activate the rapid expression of intercellular adhesion molecule-1 (ICAM-1), an inducible cell surface glycoprotein, to facilitate leukocytes adhesion and transmigration in vascular endothelial cells. Increased levels of ICAM-1 expression in vascular endothelial cells are critically implicated in the development of a variety of autoimmune and pathological inflammatory diseases, including atherosclerosis, rheumatoid arthritis, and asthma [1] [2] [3] . TNF-α, one of the major inflammatory cytokines, mediates systemic inflammation and immune responses by enhancing expression of adhesion molecules and secretion of inflammatory mediators in the vascular endothelium [4, 5] . Accumulating evidence suggests that induction of ICAM-1 by TNF-α in vascular endothelial cells is mediated by the activation of mitogen-activated protein kinases (MAPK) and transcription factors such as nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) [6] [7] [8] . MAPK are a group of highly conserved serine/threonine kinases, including extracellular signal-regulated kinase 1/2 (ERK1/2), p38, and c-Jun N-terminal kinase (JNK). These protein kinases participate in the mediation of the vessel inflammatory reaction from the # These authors contributed equally to this study. * To whom correspondence should be addressed. npg integration of the stimuli acting on the cell to the production of inflammatory mediators via phosphorylating downstream kinases and activating transcription factors [9, 10] . NF-κB and AP-1 are redox-sensitive transcription factors that regulate many genes related to inflammation at the transcriptional level. With TNF-α stimulation, the NF-κB signal transduction pathway is directly engaged by the TNF-α receptors, whereas the AP-1 is activated by an indirect mechanism involving MAPK [11] . Down-regulation of ICAM-1 expression in vascular endothelial cells by interrupting the signal pathway of MAPK and/or NF-κB with pharmacological agents is believed to be a clinically beneficial strategy for the treatment of vascular diseases associated with inflammation.
Licorice-the root of Glycyrrhizae glabra, one of the most commonly prescribed herbs in Chinese traditional medicinehas been used in the treatment of inflammatory diseases, such as peptic ulcers, and chronic hepatitis. Glycyrrhetinic acid (GA), which possesses both anti-inflammatory and antioxidant properties, is the active triterpenoic saponin extracted from licorice and has been extensively studied. Previous studies have demonstrated that GA reduces the expression of proinflammatory mediators, such as prostaglandin E2, histamine, and eotaxin 1 [12] [13] [14] . It was also reported that GA scavenges free radical species by increasing superoxide dismutase activity in atherosclerotic and hypercholesterolemic rabbits [15] . More recently, studies have suggested that GA and its derivatives may abolish TNF-α-induced leukocyte adhesion and extravasation in the in vivo microcirculation, and attenuate the elevation of ICAM-1 expression in rat models of hepatic injury and colic ulceration [16] [17] [18] . However, the effect of GA on ICAM-1 expression in cytokine-activated vascular endothelial cells is not clearly defined.
In this study, we investigated the effects of GA on TNF-α-induced expression of ICAM-1 in human umbilical vein endothelial cells (HUVEC). We further verified the signaling mechanism responsible for GA regulation of ICAM-1 expression and determined the function of GA on preventing monocytic THP-1 cell adhesion to TNF-α-activated endothelial cells. Our study may provide a basis for therapeutic use of GA in vascular inflammatory disorders.
Materials and methods

Chemicals
Glycyrrhetinic acid was purchased from Nacalai Tsque (Kyoto, Japan). All other chemicals of reagent grade and the antibodies were obtained from Sigma Chemical (St Louis, MO).
Cell culture
Human umbilical vein endothelial cells were isolated from human umbilical cord with collagenase. After 3 days of growth in medium 199 (Invitrogen, Carlsbad, CA) containing 20% fetal calf serum, endothelial cells were subcultured and reseeded into a suitable culture plate until the monolayer became confluent. The medium for the cultured cells was changed to the same medium containing only 2% fetal calf serum, and the cells were incubated overnight before the experiments.
Cell viability
After treatment with glycyrrhetinic acid at indicated concentrations for 24 h, cell viability was assessed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide [thiazolyl blue tetrazolium bromide (MTT)] assay according to the manufacturer's instructions (Roche, Mannheim, Germany).
Measurement of ICAM-1 mRNA and protein expressions ICAM-1 mRNA and protein levels were measured as previously described [19] . After extraction of total RNA from treated or untreated HUVEC, the expressions of the transcripts for ICAM-1 (forward primer, 5'-CAGTGACCATC-TACAGCTTTCCGG-3'; and reverse primer, 5'-GCTGCTAC-CACAGTGATGATGACAA-3'), and β-actin (forward primer, 5'-TGACGGGGTCACCCACACTGTGCCCATCTA-3'; reverse primer, 5'-CTAGAAGCATTTGCGGGGACGATGGAGGG-3') were determined by RT-PCR. Reaction products were separated electrophoretically on a 1.8% agarose gel and stained with ethidium bromide. The relative density of mRNA levels was determined by scanning densitometry analysis using the GeneTools program, version 4.0 (SynGene, Cambridge, UK). The expression of β-actin mRNA was used as internal control. For ICAM-1 protein detection, cell surface expression of ICAM-1 by endothelial cells was determined using cell ELISA. Briefly, after treatments, the cells were washed with phosphate-buffered saline pH 7.4 (PBS) and fixed with 4% paraformaldehyde for 30 min at 4 °C. Non-fat dry milk (3.0% in PBS) was added to the monolayers to reduce nonspecific binding. Cells were incubated with anti-ICAM-1 monoclonal antibodies overnight at 4 °C after washing three times with PBS. With removal of the first antibodies, cells were incubated with peroxidase-conjugated goat anti-mouse secondary antibody. Thereafter, cells were washed with PBS and exposed to the peroxidase substrate. The increase in absorbance at 450 nm was measured using an automated ELISA microplate reader.
Cell adherence measurements
The human monocytic cell line, THP-1, obtained from the American Type Culture Collection (Manassas, VA, USA), was suspended overnight in RPMI-1640 medium containing 0.1% fetal bovine serum and labeled with 1 μCi of [ 3 H]thymidine (specific activity, 23 Ci/mmol; Amersham Biosciences, UK). THP-1 cells (3×10 5 ) were washed three times in fresh RPMI-1640 medium, and then added to each 6-well plate containing endothelial cells for 30 min incubation. Nonadherent THP-1 cells were removed by washing with medium 199. Endothelial cells with adherent THP-1 cells were lysed with lysis buffer, and radioactivity expressed from cell lysates was counted by a scintillation counter.
Immunoblot analysis
Endothelial cells were lysed in lysis buffer (containing 0.2% SDS, 1% NP-40, 5 mmol/L EDTA, 1 mmol/L PMSF, 10 μg/mL leupeptin, and 10 μg/mL aprotinin) and then analyzed by www.nature.com/aps Chang YL et al Acta Pharmacologica Sinica npg sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After being transferred onto a nitrocellulose membrane, antigens were analyzed by specific antibodies to IκBα, phospho-MAPK (ERK1/2, p38, and JNK), ICAM-1, and actin. For the measurement of NF-κB or c-Jun activation, nuclear protein was prepared as previously described, with slight modifications [20] . In brief, cells were washed with cold PBS and immediately removed by scraping in PBS. After centrifugation of the cell suspension at 2000 r/min, the cell pellets were resuspended in cold buffer A (10 mmol/L KCl, 0.1 mmol/L EDTA, 1 mmol/L dithiothreitol, and 1 mmol/L phenylmethylsulfonyl fluoride) for 15 min. Cells were lysed by adding 10% NP-40 and then centrifuged at 6000 r/min to obtain a pellet of nuclei. The nucleic pellets were resuspended in lysis buffer and separated by SDS-PAGE. An antibody specific to NF-κB p65 or phospho-c-Jun was used. The housekeeping protein α-actin was detected as an internal control. Antigen-antibody complexes were detected using horseradish peroxide-labeled rabbit anti-mouse IgG and an ECL detection system (Pierce, Rockford, IL, USA). The relative density of protein levels was determined by scanning densitometry analysis using the GeneTools program, version 4.0 (SynGene, Cambridge, UK).
Electrophoretic mobility shift assay Nuclear protein extracts were prepared and an electrophoretic mobility shift assay (EMSA) was performed as previously reported [20] . Briefly, an NF-κB oligonucleotide, 5'-AGTTGAG-GGGACTTTCCCAGGC-3' (Promega, Madison, WI, USA), containing the consensus NF-κB binding sequence (underlined) was end-labeled with [γ-32 P]ATP using T4 polynucleotide kinase. Nuclear extract (10 μg) was incubated with 0.1 ng 32 P-labeled DNA for 20 min at room temperature in a final volume of binding buffer of 30 μL containing 1 μg of poly (dIdC). The mixtures were electrophoresed on 5% nondenaturing polyacrylamide gels under high ionic strength. Gels were dried and imaged by autoradiography.
Statistical analysis
Statistical analyses were performed using a one-way analysis of variance for experiments consisting of more than two groups. Data were presented as mean±SEM. Statistical significance was defined as P<0.05.
Results
GA attenuates ICAM-1 mRNA and protein expressions in TNF-α-activated HUVEC The cytotoxicity of GA on HUVEC was measured by an MTT assay in which MTT-formazan adduct was detected. Cell viability was calculated as percentage of untreated control. More than 90% of HUVEC survived after 24-h treatment of GA at concentrations up to 100 μmol/L (Figure 1 ). This result shows that GA has no significant cytotoxicity to HUVEC.
The effect of GA on TNF-α-induced ICAM-1 mRNA and protein expressions in HUVEC were examined. To determine the effect of GA on TNF-α-induced ICAM-1 mRNA expression, cells with or without 3-h GA pretreatment were incubated with TNF-α (10 ng/mL) for 2 h, and thereafter, total RNA was extracted. The expression of ICAM-1 mRNA was detected using RT-PCR. TNF-α alone significantly increased the level of ICAM-1 mRNA expression by a factor of 2.7 over the control (Figure 2A ). GA pretreatment clearly inhibited ICAM-1 mRNA activated by TNF-α in a dose-dependent manner. On the other hand, GA (100 μmol/L) treatment alone showed no significant difference in the level of ICAM-1 mRNA expression compared with the untreated control.
For measurement of ICAM-1 protein expression on the endothelial surface, cells were treated with TNF-α (10 ng/mL) for 8 h in the presence or absence of a 3-h GA pretreatment, and then a cell-ELISA assay was performed. Endothelial cells treated with TNF-α showed significant increases in the expression of ICAM-1 ( Figure 2B ). This induction, which caused a greater than 3.5-fold increase in control expression, was decreased in a dose-dependent manner by GA pretreatment. GA significantly inhibited TNF-α-induced ICAM-1 expression by 29%±6% at 50 μmol/L and by 61%±1% at 100 μmol/L.
GA suppresses THP-1 cell adhesion to TNF-α-activated HUVEC To determine whether GA inhibition of ICAM-1 expression decreases the monocytic THP-1 cells' adhesion to HUVEC, the adhesiveness of THP-1 cells to TNF-α-activated HUVEC with or without GA pretreatment was examined. Cells were incubated with or without GA for 3 h prior to the treatment of TNF-α. TNF-α treatment induced the adherence of THP-1 cell to HUVEC by 5-fold of control. GA pretreatment clearly reduced TNF-α induction of THP-1 cell adhesion by 19%±7% at 50 μmol/L and by 39%±5% at 100 μmol/L, respectively ( Figure 3 ). Our data indicate that GA significantly reduces ICAM-1 expression and THP-1 cell adhesion to TNF-α-activated HUVEC.
GA inhibits TNF-α-induced phosphorylation of JNK and c-Jun
To verify whether GA affects TNF-α-induced MAPK activation, the phosphorylation of ERK1/2, p38, or JNK was detected using Western blot. The cells were stimulated by TNF-α (10 ng/mL) for 20 min with or without GA pretreatment at indicated concentrations for 3 h. GA showed no We next determined whether the blockage of JNK activation by GA is followed by a decrease in nuclear phosphorylation of c-Jun. The nuclear protein was extracted from the cell treated with TNF-α (10 ng/mL) for 20 min in the presence or absence of GA pretreatment, and the level of phospho-c-Jun was measured by Western blot. GA treatment also decreased c-Jun phosphorylation in the nucleus ( Figure 4C ). These findings indicate that GA selectively blocks TNF-α-stimulated JNK GA inhibits TNF-α-activated IκB/NF-κB pathway in HUVEC To determine whether GA inhibition of ICAM-1 expression is mediated by blocking the IκB/NF-κB pathway, the protein levels of IκB in cytosol and NF-κB p65 in the nucleus were analyzed by Western blot. With or without pretreatment of GA (30 μmol/L) for 3 h, endothelial cells were treated with TNF-α for the indicated time course. After TNF-α treatment, IκB protein in cytosol was apparently degraded in a time-dependent manner ( Figure 5A, upper panel) . At 30 min of TNF-α treatment, the protein level of IκB was significantly decreased, compared to the basal level ( Figure 5A, lanes 4 and 1) . Starting from the 45-min TNF-α treatment, the protein level of IκB gradually recovered until the 120 min. With GA pretreatment, IκB degradation was apparently inhibited ( Figure 5A , lower panel). Densitometric analysis from the immunoblots ( Figure  5A ) was plotted as a bar chart ( Figure 5B ).
We then determined the inhibitory effects of GA at various concentrations on IκB degradation and NF-κB p65 translocation. Our results show that GA inhibited both IκB degradation and NF-κB p65 translocation in a dose-dependent manner after TNF-α treatment ( Figure 6A and 6B) . The NF-κB inhibitor, carbobenzoxy-L-leucy-L-leucy-L-leucinal (MG132), was used as a positive control. MG132 prevented IκB degradation ( Figure 6A, lane 7) and thereby inhibited TNF-α-activated NF-κB translocation into the nucleus ( Figure 6B, lane 7) .
We further verified whether GA reduces the binding activity of NF-κB to consensus DNA sequences. Nuclear extracts from 1-h TNF-α-treated HUVEC in the presence or absence of GA were analyzed for NF-κB binding activity by EMSA. GA at 50 μmol/L noticeably inhibited NF-κB binding activity ( Figure  6C, lane 4) . The specificity to this NF-κB binding complex was confirmed by adding an anti-NF-κB p65 antibody ( Figure 6C , lane 5), or an unrelated 50x OCT-1 oligonucleotide ( Figure 6C , lane 6), to nuclear extracts for 15 min before incubation. Taken together, these results indicate that GA dose-dependently inhibits IκB degradation, NF-κB translocation, and NF-κB binding activity in TNF-α-activated endothelial cells.
GA and signaling inhibitors reduce ICAM-1 protein expression induced by TNF-α in HUVEC After examining GA inhibition of TNF-α-activated JNK/c-Jun and IκB/NF-κB signaling pathways, we further determined npg the inhibitory effect of GA on ICAM-1 protein expression compared with that of signaling inhibitors. Increased ICAM-1 protein expression by TNF-α induction was decreased by the pretreatments with GA, MG132 (an NF-κB inhibitor), SP600125 (a JNK inhibitor), and SB203580 (a p38 inhibitor), but not PD98059 (an ERK inhibitor) (Figure 7 ). These results indicate that TNF-α induction of ICAM-1 protein expression is mediated predominantly by the signaling pathways of NF-κB, JNK, and p38, whereas GA inhibition of ICAM-1 expression is associated with its blockade of activation in NF-κB and JNK.
Discussion
Although GA is a desirable candidate as an anti-inflammatory agent, its inhibitory effect on ICAM-1 expression in HUVEC remains unknown. In this study, we demonstrated that GA inhibits TNF-α-activated ICAM-1 mRNA and protein expressions, leading to the suppression of THP-1 cell adhesion to HUVEC. Our results suggest that GA inhibition of TNF-α-activated JNK/c-Jun and IκB/NF-κB signaling pathways, which regulate, respectively, AP-1-and NF-κB-mediated gene transcription, contributes to the suppression of ICAM-1, at least in part. In addition, our results reveal a new mechanism for the anti-inflammatory properties of GA.
ICAM-1 is considered to play a key role at the early stage of inflammatory response to facilitate leukocytes adhesion and transmigration in vascular endothelial cells. We observed that GA inhibited ICAM-1 mRNA and protein expression, as well as THP-1 cell adhesion in TNF-α-activated HUVEC, suggesting that GA reduction of monocytes adhesion is caused, at least in part, by its inhibition of ICAM-1 expression.
The cytokine TNF-α activates signaling pathway of MAPK and increases the activity of transcription factors, such as NF-κB and AP-1, which up-regulate genes relevant to the expression of adhesion molecules [6, 9] . Among the signaling pathways of MAPK, the JNK pathway has been identified as targeting AP-1 in response to TNF-α-induced ICAM-1 expression [6, 11, 21] . The AP-1 protein is a dimer of the Jun and Fos families, and its transcription activity is enhanced by JNK to phosphorylate the active domains of c-Jun at Ser 63 and Ser 73 [22] . In this study, our data, consistent with the previous finding, demonstrate that GA selectively inhibits TNF-α-induced phosphorylation of JNK, without affecting ERK1/2 and p38 [23] . Following this inhibition, GA also decreases the phosphorylation of c-Jun, one of the components of AP-1, in TNF-α-activated nucleus. Taken together, our results suggest that GA suppression of c-Jun phosphorylation, via the blocking of JNK signaling activation, may contribute to its reduction of ICAM-1 expression mediated by AP-1.
NF-κB regulates TNF-α-stimulated ICAM-1 expression at the transcriptional level in vascular endothelial cells. Its activity is mediated by homodimeric or heterodimeric combinations of NF-κB family proteins, such as p50, p65, and c-Rel. In its resting state, NF-κB is present in association with its cytoplasmic inhibitor, IκB. Once activated by an inflammatory cytokine, such as TNF-α, IκB was rapidly phosphorylated and degraded, leading to the translocation of activated NF-κB from the cytoplasm to the nucleus [24] . In this study, GA observably inhibits IκB degradation and NF-κB p65 translocation and subsequently reduces NF-κB DNA binding activity, suggesting a reduction of ICAM-1 expression by GA by blocking the classic inflammatory pathway of IκB/NF-κB system. This reduced expression may, at least in part, account for the mechanism of GA exerting its anti-inflammatory effects. Furthermore, our findings that GA as well as NF-κB and JNK inhibitors suppress TNF-α-induced ICAM-1 protein expression suggest that NF-κB and AP-1 are important in regulating cytokine induced ICAM-1 expression. In addition, GA inhibition of ICAM-1 is mediated by its down-regulation of NF-κB and JNK signaling pathways.
The MAP kinase/ERK kinase kinase-1 (MEKK-1), functional upstream of JNK, has been demonstrated to activate both the JNK and NF-κB pathways in response to TNF-α stimulation [25] . MEKK-1 activates IκB phosphorylation and thereby results in NF-κB translocation, which is independent of JNK activation [26, 27] . Although the mechanism of JNK signal inhibition by GA was not verified in this study, we observed that GA inhibited not only JNK phosphorylation but also NF-κB activation induced by TNF-α. Based on the previous reports and our findings, we speculate that GA may interrupt the upstream signaling pathway of JNK instead of the direct interaction with this kinase. Furthermore, the role of reactive oxygen species (ROS) in the TNF-α-stimulated ICAM-1 expression mediated by NF-κB activation has been documented [28, 29] . These ROS were reported to derive from NADPH oxidase or other sources in the endothelial cells. Evidence has suggested that GA inhibits free radical generation from cytochrome P450/ NADPH system and scavenges ROS by increasing SOD activity [15, 30] . Therefore, the antioxidant property of GA might also be implicated in its suppression of TNF-α-stimulated ICAM-1 expression.
The evidence of activated NF-κB and increased ICAM-1 expression in human atherosclerotic plaques has suggested a [31, 32] . Furthermore, licorice and the ammonium salt of GA showing antioxidant and hypolipidemic properties in hypercholesterolemic human and animal models are considered effective inhibitors of the progression of atherosclerotic lesions [30, 33] . Our data, therefore, may provide insights into the mechanism of licorice and the derivative of GA with respect to anti-atherosclerotic activity.
In summary, our results demonstrate that GA inhibits ICAM-1 expression via interruption of the JNK/c-Jun and IκB/NF-κB signaling pathways and subsequently suppresses monocyte adhesion to TNF-α-activated endothelial cells. These findings may provide evidence that GA is salutary in treating vascular diseases with cytokine-induced inflammation.
